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ABSTRACT 

Data and Performance Report 
Single-Stage Evaluation of Highly-Loaded, High-Mach-Number 

Compressor Stages, Tandem Rotor 

A single-stage compressor with a 0.5 hub/tip ratio tandem 
rotor was designed to produce a pressure ratio of 1.936 at an 
efficiency of 84.2 percent. Rotor-tip speed was 1600 fps and 
flow rate was 187.1 lbs/sec. The design pressure ratio was ob- 
tained at design speed, with an efficiency of 83.1 percent and a flow 
of 177.8 lbs/sec. With radial inlet distortion, peak stage effi- 
ciency at design speed was 77.8 percent at a pressure ratio of 
1.821 and a flow of 1 74.0 lbs/sec. With circumferentially- 
distorted inlet flow, the peak stage efficiency was 74.4 percent 
at a flow of 165.7 lbs/sec and a pressure ratio of 1.766. 



I .  SUMMARY 

A compressor stage with tandem rotor blades, a tip speed of 1600 ft/sec, and liigh blade load- 
ings was tested with uniform inlet flow and with radially and ciscumferentially distorted inlet 
flows. The stator had multiple-circular-arc airfoil sections, and the maximum Mach number 
(0.89) occurred at the hub, where the diffusion factor was 0.6. The stage had no inlet guide 
vanes, and the stator-exit flow was axial. 

Overall performance at design speed, with uniform inlet flow for near-design and near-stall 
data points is compared with design values in Table 1. 

Overall stage performance characteristics at design speed for uniform inlet flow and for 
radially and circumferentially distorted inlet flow appear in Table 2. 

TABLE 1 

OVERALL PERFORMANCE COMPARED WITH DESIGN VALUES 

Parameter 

Corrected Weight 
Flow, lb/sec 

Rotor Pressure 
Ratio 

Rotor Efficiency, 
Percent 

Stage Pressure 
Ratio 

Stage Efficiency, 
Percent 

Design Near-Design Near-Stall 
Value Data Point Data Point - 



TABLE 2 

EFFECT OF INLET DISTORTION ON PERFORMANCE CHARACTERISTICS 

Uniform Inlet Radially-Distorted Circ~imferentially 
Parameter -. -- -- Flow Inlet Flow ,Distorted Inlet Flow 

Flow Range, lb/sec 

wfl - -  
6 min 180.1-171.0 175.9 - 173.2 177.2 - 154.7 

Maximum Stage 
Pressure Ratio 1.947 1.821 

Maximum Stage 
Efficiency, Percent 83.1 77.8 

(outer 0.4 of (90" arc) 
inlet annulus area) 

The inability to achieve design flow caused high incidence angles on the rotor. Rotor de- 
viations and losses were slightly higher than design estimates. 

Static-pressure patterns relative to  the rotor tips showed a low-pressure area at the entrance 
to the passages between front and rear blades. Shocks were normal to the flow at 105 and 
100 percent of design speed and were spilled at 90 percent speed. 

Contour plots were prepared for pressure, temperature, and velocity at the stator-exit in- 
strumentation plane. Contour plots showed that stator losses were concentrated in corners, 
where the stators intersected the endwalls, and that these loss areas grew with increased 
back-pressure. 

Measured levels of continuous stress on the rotor were in good agreement with design cal- 
culations. A stator resonance at 90 percent speed produced a high vibratory stress, but it 
occurred over a narrow range of speed; and performance was run at 88 percent speed without 
encountering limiting stresses. Stalls were abrupt with uniform inlet flow and gradual with 
distorted inlet flows. Indications of rotating stall were seen at all stalls. A failure of the 
distortion-screen support terminated the testing. The failure was not caused by any mechani- 
cal deficiency in the compressor. 



11. INTRODUCTION 

The purpose of the program was to determine the feasibility of efficient operation of a highly- 
loaded, high-Mach-number compressor stage through the use of advanced blade design con- 
cepts. A single-stage compressor with highly-loaded multiple-circular-arc blades and a rotor 
tip speed of 1600 ft/sec demonstrated an efficiency of 84.5 percent at a pressure ratio of 
1,946, as reported in Reference 1. The same program called for experimental evaluation of 
a tandem rotor, which was designed to minimize losses due to shock boundary-layer interac- 
tions. As discussed in Reference 2, the trailing edge of the front blade was located near or  
slightly downstream of the assumed shock-impingement point, designed so that a stream of 
high-energy flow between front and rear blades isolate the front boundary layer from the 
subsonic suction-surface of the rear blade. 

This report presents test results for the tandem rotor configuration. 



III. APPARATUS AND PROCEDURE 

A. Test Compress,  

The compressor tested (Figure 1) was a highly-loaded, high-Mach-number, single-stage, with 
tandem rotor blades. I t  was identical t o  the compressor of Reference 1 except that the 
multiple-circular-arc rotor was replaced with the tandem rotor. The tandem rotor was de- 
signed for a corrected weight flow per unit of inlet annulus area of 42 lbs/sec ft2, which gives a 
design weight flow of 187.2 lbslsec for the rotor tip diameter of 33.0 inches with a 0.5 hubltip 
ratio. The stage design pressure ratio is 1.936 at the rotor tip speed of 1600 ft/sec. Rotor 
design pressure ratio is 2.0, constant along the span. The tandem rotor was designed with the 
objectives of 

1. Minimizing shock losses by contouring the supersonic section of the suction sur- 
face to  minimize supersonic acceleration, and 

2. Minimizing the effects of shock boundary-layer interactions by initiating the 
diffusion process on a subsonic portion of the blade, where the boundary layer 
affected by the passage shock is separated from this surface by a stream of high- 
energy air (Figure 2). 

Tande~ll rotor blades were inspected by means of contour layouts on cylindrical surfaces. 
Inspection results for sections B, D, E, G, and M (Figure 3) are shown in Figure 4. The 
dashed line in each blade cross section shows the average deviation from design of four 
experimental blades. Although the blade inspection contours could not define the shape of 
the passage between the blades, they did show the trailing edge of the forward blade and the 
leading edge of the rear blade. Multiple-circular-arc sections were used inboard of Section B 
(from the hub t o  a radius of 10.4 inches) because shock-induced separation was considered 
unlikely. At Section B, a slot separates front and rear tandem sections, blending into tan- 
gentially-offset front and rear sections at Section D. Above Section D, tandem blades were 
designed by shifting the rear portion of the blade tangentially in the direction of rotation. I n  
this way, a smooth transition is obtained between multiple-circular-arc blade sections near the 
root, and the tandem blade sections at mid span and tip. The axial locations and metal angles 
of the leading and trailing edges are the same as for the multiple-circular-arc blade (Reference 1 ). 

At Section B, the trailing edge of the forward section was placed downstream of the estimated 
shock impingement point to  provide for possible boundary-layer reattachment. At the tip, 
where the shock is very strong and there is little chance of reattachment, the trailing edge of 
the front section was located immediately behind the estimated shock-impingement point. 
Trailing edges of the front sections are shown on a projected view of the blade (Figure 3). 

Width of the slot between the two tandem blade sections was 10 times the calculated 
boundary-layer momentum thickness on the pressure and suction surfaces at the asstuned 
normal shock location. The ratio of slot length to  width was three or more, whenever possible, 
for directional guidance and flow-rate control. The radii of the rear-section leading edge and 
the front-section trailing edge were deter~nined from results of a vibration-stress test on 
various tandein-shaped test specimens (Reference 2). F~gures 5 and 6 show several views of 
the randern rotor blades and blade cirsk assert~bly Design deta~ls for the iandem rotor ar;d 
the stator are given in Reference 2 and st~mrnarized in Table 3 Design velocity diagrams can 
be obtained from Table 5 in Appendix 3. The average rtlnniilg cleara~~ce at design speed was 
0.050 inches. 



TABLE 3 

ROTOR AND STATOR DESIGN PARAMETERS 

Rotor - Stations 8 and 9 

% Span 

5 (hub) 
10 
15 
3 0 
50 
7 0 
85 
9 0 
9 5(tip) 

Dia - 1 

17.47 
18.47 
19.47 
22.3 1 
25.79 
28.95 
3 1.20 
3 1.88 
32.50 

Dia - 2 

19.77 
20.4 1 
21.05 
22.96 
25.52 
28.08 
29.99 
30.63 
3 1.27 

Stator - Stations 10 and 1 1 

% Span -- 

5 (hub) 
10 
15 
30 
5 0 
70 
85 
9 0 
95 (tip) 

Dia- 1 

Solidity 

2.1 140 
2.068 
2.025 
1.838 
1.577 
1.8776 
1.2539 
1.2219 
1.1876 

Solidity 

2.010 
1.959 
1.91 1 
1.781 
1.632 
1.508 
1.430 
1.407 
1.387 

NOTE: Symbol definitions appear in Appe~ldix 2 



The test f;tcility was the same as descl.ibed in Reference 1 .  

B. Instrumentation and Calibration 

Instrumentation is the same as described in Reference 1 except that provision was made t o  
increase the number of radial locations at which stator-exit tangential traverses could be 
made. Additional traverses at 2.5, 3.75, 7.5, 92.5, 96.25 and 97.5 percents of span from hub 
supplemented the radial locations of 5, 10, 15, 30, 50, 70, 85, 90, and 95 percents of span in order 
to obtain better definitions of wall boundary layers and secondary flows. Tangential traverses 
were made with combination probes (Figure 7) which simultaneo~~sly measure total pressure 
(P), static pressure (p), total temperature (T), and absolute air angle (P) .  The axial and cir- 
cumferential positions of the instrumentation are shown in Figures 8 and 9. 

C. r e s t  Procedure 

1. Shakedown Test 

Shakedown tests were conducted to establish the mechanical integrity of the com- 
pressor and t o  locate critical stress boundaries which could limit the operating 
range over which the tests could be conducted. 

A stator resonance with blade-passing frequency was found at 90 percent of design 
speed. This resonance was avoided in subsequent testing by n~nning at 88 percent 
speed. Continuous rotor stress due to  centrifugal and untwist loads did not limit 
operating range. Because rotor vibratory stress at stall increased with speed, stall 
points were not run above design speed. 

Rotating-stall surveys were made with uniform, radially distorted, and circumferenti- 
ally distorted inlet flows. Rotating stall was detected by measuring pressure fluctua- 
tions with rapid-response transducers at 25, 50, and 85 percent of passage height 
from hub. Continuous recordings were made as the throttle was closed until the 
compressor stalled and as the throttle was opened to recover from stall. Several 
surge pulses were recorded during this stall-transient survey. A limiting vibratory 
stress on the rotor, which was encountered as the compressor was throttled a t  
88 percent design speed with circumferentially distorted inlet flow, prevented the 
recording of rotating stall data at this speed. The stall point was identified during 
performance testing, however, when the rapid-response transducers used in detect- 
ing rotating stall were removed and stress levels dropped below the allowable maximum. 

2. Performance Test 

Six performance poiilts, ranging in flow from open-throttle to  near-stall, were ob- 
tained a t  50, 70, 88, 100, and 105 percent of design speed, and stall flows were 
measured at 50, 70, 88, and 100 percent speed. The periodic static pressure fluctua- 
tiions over Ihe rotor tip were recorded a t  three points at '70 percent speed, tlrree 
pornls a t  90 percent speed, six p o ~ n i s  a t  100 percent speed, and t h e e  points at 105 
percent speed, rangmg in flow from choke to near-stall. These data were obtak-ied 



to show the static-pressure field relative t o  the rotor blade tip, illdicatillg shock 
position and strength. Tangential traverses atfthe stator exit were rim at 15 radial 
positioils for near-stall points at 88 and 100 percent speeds and for the maximum- 
efficiency point at 88 percent speed. 

3. Distorted-Inlet-Flow Performance Test 

Inlet-flow distortions were generated with the same screens as used in the multiple- 
circular-arc rotor tests (Reference 1). Check points run with the distortion support 
screen showed that it did not affect uiliform inlet performance. Performance data 
with both radial and circumferential inlet-flow distortioll were taken at 70, 88, and 
100 percent of design speed with the throttle at three positions (wide-open, part- 
throttle, and near-stall), except where high stress prevented taking near-stall data 
points. Each circumferential-distortion data point was taken with the screen in six 
different positions with respect to  the compressor instrumentation. 

D. Calculation P r o c e d u ~  

The calcualtioll procedure was the same as described in Reference 1 with pertiilent perfor- 
mance parameters defined in Appendices 1 & 2. In addition, stator-exit velocity vectors were 
calculated from tangential traverse measurements at 2.5, 3.75, 5.0, 7.5, 10, 15, 30, 50, 70, 85, 
90, 92.5, 95, 96.5, and 97.5 percent of passage height from hub. Tangential spacing betweenprobe 
rneasuremeilts was set to give 1 5 readings across a stator gap at 97.5 percent of span from the 
hub. Measurements of total and static pressure were used, with a probe calibration, to deter- 
mine Mach number. Total-temperature measurements were corrected for Mach-number and 
pressure-level effects. Velocities were deternliiled from Mach numbers and total temperatures. 
Measured flow angles were corrected for Mach-number effect and used to resolve velocity into 
axial and tangential components. 



IV. RESULTS AND DISCUSSION 

Test results are orgailized into three categories: 

A. Shakedown test results, including stress and rotating stall data. 

B. Performance with uniform inlet flow, including overall performance of the stage 
and the tandem rotor, blade element data for the rotor and stator, static 
pressures over rotor blade tips, and contours of velocity, pressure, temperature and 
air angle at the stator exit instrumentation plane. 

C. Performance with distorted inlet flow. With radial distortion, results include over- 
all performance of the stage and the rotor and blade-element data for the 
rotor and stator. With circumferential distortion, the results presmt overallstage 
performance and circumferential flow patterns at the inlet and exit of the stage. 

A. Shakedown Test Results 

A stator resonance with blade-passing frequency produced a vibratory stress on the stator 
root leading edge of 21,000 psi at 90 percent speed. The resonance occurred over a narrow 
speed range and was not seen when speed was reduced to  88 percent of design, and this speed 
was substituted for 9 0  percent in all subsequent tests. 

Continuous stress on rotor blades due t o  centrifugal and untwist forces was in good agreement 
with design predictions. Maximum continuous stress at design speed was 62,400 psi, compared 
with the predicted 63,400 psi. 

A high vibratory stress on the bridge between front and rear rotor blades at 60 percent span 
limited operation with circumferentially-distorted in!et flow during shakedown testing. At 
88 percent of design speed, stress due t o  vibration a t  the natural frequency of the front por- 
tion of the blade increased rapidly as the rig was throttled, reaching the limiting stress before 
the compressor stalled. The stress limit was set at 10,000 psi, based on fatigue specimen tests 

7 (Reference 2), where the maximum stress for failure within 10 cycles was 15,000 psi. The 
limiting stress was encountered only when the rotating-stall instnlmentation was installed. 
Stall was reached at this speed during performance testing when the transient instrumentation 
was removed. 

Rapid-response pressure transducers were placed at the rotor exit at 25, 50, and 85 precent of span 
from hub and at the stator exit at 50 percent of span for stall surveys. The surveys showed that 
stalls were abrupt with uniform inlet flow at all speeds, but they were gradual and not clearly 
defined with distorted inlet flows. An oscillograph trace (Figure 10) was made of pressure 
fluctuations measured during stall with uniform inlet flow at design speed. Compressor stall 
began with rotating stall at the tip and at midspan at the rotor exit. This was followed 
by a pressure drop at hub, midspan, and tip. Stall recovery began at the hub with a sudden 
strong pressure rise followed by a gradual return lo the pre-stall level. Recoveries a t  rnidsgan 
and a t  the tip foliowed the same p a t t a n .  



Tests with distorted inlet flows gave sig11ifican"cy different stall patterns. The osciflogaph 
trace of the stall at 88 percent speed wit11 radially-distorted Inlet flow (Figure 11)  sl~ows 
that the stall consisted of irregular recurrences of rotating stall without a surge-stall recovery 
cycle. Pressure fluctuations were strongest at midspan, strong at the hub, and weakest at the 
tip. Midspail pressure fluctuations at the stator exit were similar to those at the rotor exit, 
but had lower amplitude. Stalls with circumferential distortion produced pressure fluctua- 
tions similar to those with radial distortion. 

B. Performance with Uniform Inlet Flow 

1. Overall Performance 

Overall performance of the stage and the rotor alone are presented in Figures 12 and 13. 
Tabulated results are in Appendix 3. The stall line was established by extrapolating the 
characteristic speed lines to  measured stall airflows, shown as slashed symbols. Because of 
high rotor-tip stresses, stalled operation was avoided above 100 percent of design speed. A 
maximum stage efficiency of 83.1 percent was achieved at design speed, with a pressure 
ratio of 1.9307 and a corrected weight flow of 177.8. The design stage efficiency was 84.2 
percent at a pressure ratio of 1.936 and a corrected weight flow of 187.1. The rotor effic- 
iency for the same data point was 87.85 percent for a pressure ratio of 1.998, compared 
with the rotor design-efficiency of 88.7 percent and pressure ratio of 2.00. The inability t o  
achieve design flow was probably caused by choking of the rotor along the entire span, as 
indicated by rotor blade-element data, where most data points fall on the choke side of the 
loss-versus-incidence curve. 

Maximum rotor efficiency of 88 percent occurs at 90 and 100 percent of design speed, de- 
creasing to  86 percent at 50 and 70  percent of design speed and 85 percent at 105 percent of 
design speed. The difference between maximum stage efficiency and maximum rotor 
efficiency is approximately the same at all speeds. The maximum efficiency point recorded at 
105 percent of design speed occurred at the highest pressure ratio test point. 

2. Blade-Element Data 

Blade-element performance for a data point at design speed and near-design pressure ratio 
agreed reasonably well with design values. Figure 14 shows the rotor and stage adiabatic 
efficiency versus percent span from the hub, as compared with design values. Total-pressure- 
loss coefficient, diffusion factor, incidence, and deviation are presented versus percent span 
from the hub for the rotor and stator in Figures 15 and 16. Blade-element performance 
parameters were calculated at stations corresponding to  the actual leading and trailing edges 
of the blades (Stations 8 and 9 of Figure 8). Rotor and stator blade-element plots for the 
entire uniform-inlet performance test are presented in Figures 17 and 18; data are tabulated 
in Appendix 3. 

Rotor incidence at design speed (Figure 15) was more positive than designed over the entire 
span because of tlie i~lability to attain design flow. Incidence at part speed was generally 
higher than at design speed because critical area ratios in  the cllan~~els between the blades 



were sized for the supersonic relative Mach llumbers at design poi~l t  and have insufficient 
flow capacity whe1-j the relative Mach numbers are closer to  1.0. 

Loss coefficients at the rotor hub were unrealistically low, and in some cases were slightly 
negative, while stator loss coefficients at corresponding spanwise locations were greater than 
expected. Calculations of loss coefficients were based on a stator-inlet total pressure distribu- 
tion which was obtained from the peak total pressure as measured at each spanwise location 
by the stator trailing-edge wake rake. As discussed in Reference 1, this peak total pressure 
may not be an accurate approximation of the average total pressure at the stator inlet.due to 
rotor wake-flow migration to  the stator pressure surface. An alternate method for obtaining 
the stator-inlet pressure distribution, using a free-stream efficiency obtained from stator 
trailing-edge pressure and temperature measurements across a gap (Reference 1 ), was used to 
reduce design-speed data. Blade-element plots (Figures 17 and 18) and spanwise distributions 
of blade-element performance (Figures 15 and 16) show the design-speed data reduced by  
both methods. The free-stream-efficiency method eliminates the problem of unrealistic ef- 
ficiency and loss near the hub, without affecting the other spanwise locations, although rotor 
deviations and stator incidences changed significantly. Blade-element performance of the 
rotor and stator, using the free-stream-efficiency method is given in Appendix 3 .  



3. Contour Plots of Rotor-Blade-Tip Static Pressrtre 

Static pressures over rotor blade tips were measured with ten high-frequency-response pres- 
sure transducers. Data were obtained over a range of compressor operating conditions a t  40, 
90, 100, and 105 percent of design speed with uniform inlet flow, but weak and erratic sig- 
nals at 70 percent speed prevented the acquisition of any useful data. Oscillograph traces of 
static pressure versus time (Figure 19) show that, at the rotor leading edge, the static pres- 
sure rise caused by the shock occurs near the pressure surface and moves toward the suction 
surface, along the measurement locations downstream of the leading edge. 

Contours of static pressure regions over the rotor-blade tip (Figures 20 through 22) show 
shock position as a series of points which represent the instantaneous static pressure rise as 
observed on the oscillograph. The figires also include a rotor performance characteristic and 
the axial distribution of wall static pressure over the blade tip. At 100 and A05 percent of 
design speed, the shock is normal to the flow at the channel entrance for a wide-open throttle 
setting, but it moves upstream as throttling occurs. At 90  percent of design speed, the shock 
is spilled upstream of the channel entrance and is forced farther upstream with throttling. 
At all speeds, an expansion on the suction surface near the leading edge is followed by a 
precompression field due t o  the blade shape. An expansion occurs on the pressure surface 
near the entrance of the passage between the front and rear blades. 

These data are considered qualitative for two reasons, 1) the difficulties in obtaining highly 
accurate measurements of pressure fluctuations, and 2) the existence of a wall boundary 
layer between the blade tips and the pressure sensing devices. The data is useful, however, 
in indicating how the relative position of the shock changes with back-pressure. 

4. Contour Plots of Stator Exit Traverse Data 

Tangential traverses were made at the stator exit for three uniform-inlet-flow performance 
points: maximum-efficiency and near-stall points at 88 percent speed, and near-stall at the 
design speed. Measurements of P,p,T,and P were made at 2.5, 3.75, 5.0, 7.5, 10, 15, 30, 50, 
70, 85, 90, 92.5 ,95,  96.25, and 97.5 percentages of passage height. Tangential spacing gave 
15 readings across a stator gap at 97.5 percent of span. These measurements were used t o  
calculate velocity vectors, and contour plots were constructed showing the patterns of P , 

Pinlet 
P , T , p, and V m / f l a t  the stator exit instrumentation plane. These contours 

'inlet Tinlet 
are shown in Figures 23 through 27. 

a. Total Pressure Ratio 

Areas of strong gap wise gradients (Figure 23) exist near both walls, and progress toward 
midspan as back-pressure is increased. The wake width at midspan increases only a 
small amount, indicating that this area of the blade is not a problem. Eow-pressure is 
seen in areas downstrea~n of corners where the stator suction surface intersects the walls. 
The high average level of total pressure at the hub is attributable to test losses for the rotor and 
stator being lower than the design estimates in this are;!. Gapwise totai pressure variations 



near the endwalls may be caused by two other phellomena besides stator Iosses; I )  rotor wake- 
flow migration to the stator pressure surface (Reference 3), and 2) rotor work changes due to  
locally high back-pressure ahead of the stator. 

b. Total Temperature Ratio 

Total temperature plots (Figure 24) show a pattern similar to  total pressure plots in endwall 
regions indicating that rotor-wake separation or rotor back-pressure patterns cause gapwise 
variations in both parameters. Temperature on the pressure side of the stator is approximately 
25°F higher than on the suction side, with the high temperatures and pressures occurring in 
the same region. Matching total pressure and temperature profiles led to  the free steam 
efficiency method for calculating stator inlet average total pressure. Areas of high gradients 
progress from endwalls toward midspan as back pressure is increased. Gapwise variations at 
midspan are confined to  the stator wake region, and are much lower than those near endwalls. 

c. Air Angle 

Steep gradients in air angles near the endwalls (Figure 25) indicate a vortex downstream 
of the intersection of the wall and the blade, while only small variations occur over the 
wake at midspan. Some of the air-angle variation indicated by the probe is probably an 
effect of steep total pressure gradients because the balancing side-hole pressures on a 
wedge probe tend to turn it in the direction of the higher total pressure. 

d. Static Pressure Ratio 

The gapwise gradients of static pressure were weak (Figure 26). Pressure increases with 
radius, probably as a result of streamline curvature as the upstream hub convergence 
blends into a constant-diameter hub wall. Increased throttling raises the level of static 
pressure but does not cause large gradients. 

e. Meridional Velocity 

Meridional velocity contours (Figure 27) follow the patterns of the total pressure con- 
tours. Static pressure variations are small, and air angle does not vary enough from the 
axial direction to have a significant effect. Hub-region velocities show that the hub 
wall boundary layer is small except in the area affected by corner stall. Near the outer 
wall, increasing back-presswe enlarges the corner-stall region but does not appear t o  
thicken the wall boundary layer. 

C. Performance with Distorted Inlet Flow 

1 . Distortion-Support-Screen Effects 

Performance points were taken at 100 percent of design speed with open throttle, part 
throttle, and near stall with the distortion-screen support but without distortion screens. 
Performallce was not affected by t i l e  s~rpport screen, and the r ~ ~ ~ ~ l o n n - i n l e t  flow performance 
provides a valid basis for deLerrniiliilg the effects of inlet-flow distortion. 



2 Radially-Distorted I111et Flow 

A radial-distortion pattern which covered the outer two-fifths of the rotor inlet area pro- 
vided a distortion parameter of 0.137, with the discharge throttle wide open at 100 percent 
of design speed. Figure 28 shows the total pressure and meridional velocity at the rotor inlet 
versus percent of span, with radially-distorted inlet flow, for wide-open and near-stall throttle 
conditions at 100 percent of design speed. 

a. Overall Performance 

Overall rotor and stage performance with radially-distorted inlet flow is presented in 
Figures 29 and 30. The maximum stage efficiency at design speed was 77.8 percent 
and occurred at a pressure ratio of 1.82 and a corrected weight flow of 174.0 lbs/sec. 
These results represent reductions of 4.0 percent in maximum efficiency, 7.0 percent 
in maximum pressure ratio, and 5.0 lbs/sec in maximum corrected weight flow com- 
pared to  the performance with ~uliform inlet flow at design speed. The stall line with 
radially- distorted inlet flow was significantly lower than with uniform inlet flow. 

b. Blade-Element Data 

Rotor and stator blade-element data is shown in Figures 3 1 and 32, compared with 
data from uniform inlet flow at 10, 50, and 90  percent span from the hub. Rotor-tip 
distortion resulted in a flow shift, with smaller axial velocities at the tip causing in- 
creased incidences, and larger axial velocities at the hub decreasing the incidences in the 
undistorted area. Levels of loss, d i f f~~sion factor, and deviation at the rotor-blade tip 
were essentially unchanged by the distortion for all speeds, but losses at the midspan 
and the hub increased. Stator incidences were affected by the flow shift in the same 
manner. All stator-blade-element parameters were basically unchanged except for in- 
creased stator tip losses. Tabulations of the blade-element and overall performance 
data for radially-distorted inlet flow are given in Appendix 4 .  

3. Circumferentially-Distorted Inlet Flow 

A circumferential-distortion pattern using a 120-degree full-span screen at the rotor inlet 
provided a distortion parameter of 0.225 covering a 90-degree arc. 

a. Overall Performance 

Overall performance with circumferential inlet distortion is compared with uniform- 
inlet-flow perforn~ance in Figure 33. The maximum stage efficiency at design speed 
was 74.4 percent at a corrected weight flow of 165.7 lbs/sec and a pressure ratio of 
1.766. Flow range with circumferential distortion was higher than with radial distor- 
tion. This greater flow range resulted in a stall line which was essentially the same as 
tlrat with uniform inlet flow, altl~ough the stall pressure ratios were lower than with 
radial distortion and iiluc!~ lobvcr thali with unifo'orrn inlet f low. 



Tabulatiults of circumferential distributions of stage inlet and exit velocities, Mach 
numbers, flow angles, aitd pressure ratios, and overall stage perforrnarrce data is in 
Appendix 5. Rig failure limited testing to  three points at design speed and two points 
at 88 percent speed. Major damage to  the ta~rdeln blade (Figure 34) resulted from failure 
of a rig part. A section of tlre inner wall between two distortion screen support struts 
failed (Figure 35) and was ingested by the rotor. 

b. Circumferential Flow Patterns 

The relationship between inlet plenum and average rotor inlet-total pressure was correlated 
as a function of corrected flow (Figure 36) for reference, since all circumferential distributions 
of static and total pressure tabulated in Appendix 5 have been divided by the inlet pleilum 
pressure. Rotor inlet circumferential distributions are shown in Figure 37, 38, and 39 for 
total pressure, absolute and relative flow angle, absolute velocity, meridional velocity, and 
absolute Mach Number at 10, 50, and 90 percent span from the hub. The plots were con- 
structed by using measurements from radially-traversed disk probes at twelve circum- 
ferential locations in the rotor inlet relative to the distortion screen. Stator discharge 
circumferential patterns, measured by disk probes at stator mid-gap, are shown in Figures 
40,41,  and 42. Circumferential distributions of static pressure at the rotor inlet, on both 
the inner case and the outer case, are presented in Figures 43  and 44. 
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Figure 3 Axial Projection of Tandem Rotor  Blade 
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Figure 4 Tandem Blade Cross Sections 
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Figure 7 Typical I~zstrumentation 
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Figure 9 Circumferential Location of Instrumentation, Viewed From Rear 
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CORRECTED W E I G H T  FLOW - w ~ ? / F ~  - LBS./SEC. 

Figure 12 Stage Overall Perforrnallce With Uniform Inlet Flow 
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Figure 13 Rotor Overall Performance With Uniform lnlet Flow 
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Figure 14 Rotor and Stage Spanwise Efficiency 
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Figure 15 Comparison of Spanwise Rotor Blade Element Perforrrrance 
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Figure 1 6 Comparison of Spanwise Stator Blade Eleineilt Performance 



INCIDENCE ANGLE, SUCTION SURFACE, iS. DEGREES 

Fig~lre 17a Rotor Biacle Element Rerforn~ance with Unifolrn Inlet Flow, 5 Percerzt Span 
F ~ o m  P-LLLI) 



INCIDENCE ANGLE, SUCTION SURFACE, is, DEGREES 

i-'~gu,re 1'91s Rotor Blade Element Perfolmance w1tl-i Ufiifollm Il1fe-t Flow, 10 Percent Span 
From Hub 



INCIDENCE ANGLE, SUCTION SURFACE, is, DEGREES 

- ~ 

f. ~ g u r e  17s: Rotor Blade Element Performance with Uniform Inlet Flow, 15 Percent Span 
From Hub 



INCIDENCE ANGLE, SUCTION SURFACE, is DEGREES 

Figure 17d Rotor Blade E1emen"cerformance with Ulziform Inlet Flow, 30 Percent Span 
From Hub 



INCIDENCE ANGLE, SUCTION SURFACE, is DEGREES 

F r igttre 1 7e Rotc;r Blade Eiernerlt Perfot rnance with Ilr~ifonn fillet Flow, 50 Percent Spa13 
From H L I ~  



INCIDENCE ANGLE, SUCTION SURFACE, is, DEGREES 

Figure 17f Rotor Blade Element Performance with Uniform Inlet Flow, 70 Percent Span 
From H ~ t h  
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Figure 14g Rotor Blade Element Performance with Uniform Inlet Flow, 85 Percent Span 
From Hub 



INCIDENCE ANGLE, SUCTION SURFACE, is, DEGREES 

Figure 17h Rotor Blade Element Performallce with Uniform lrllet Flow, 90 Percen Span 
From Hub 



INCIDENCE ANGLE, SUCTION SURFACE, is, DEGREES 

F1gtlr-e 1 Y r  Rotor Bl;rde Eiernerlt Penfor-rnance w1"i-i "dr2ifos-m Inlet Flow, 95 Percent Span 
From Hub 
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Figure 18a Stator Blade EIerne~lt Performance with Uniform Iizlet Flow, 5 Per-cent Spa11 
From H L I ~  
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Figure 18b Stator Blade Element Performance with Uniform Inlet Flow, 10 Percent Span 
From I'LL& 
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Figure 186 Stator Blade Element Performance with Uniform Inlet Flow, 15 Percent Spa11 
From Flub 
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F i g ~ ~ r e  18e Stator Blade Element Performance with Urliforrn Inlet Flow, 50 Percent Span 
From Hub 



INCIDENCE ANGLE, SUCTION SURFACE, iS. DEGREES 

Figure 18f Stator Blade Element Performance with Uniform Inlet Flow, 70 Percent Span 
From Hub 



INCIDENCE ANGLE, SUCTION SURFACE, IS. DEGREES 

Figure 18g Stator Blade Element Performance with Uniform Inlet Flow, 85 Percent Span 
From Hub 



INCIDENCE ANGLE,sUCTlON SURFACE. nS, DEGREES 

F1g~u-e Y 8h Stator Blade Element Performance with Uniform inlet Flow, 90 Pefce11t Spa11 
FI-om Hub 
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Figure 18i Stator Blade Element Performance with lJniform Inlet Flow, 95 Percent Spa11 
From Hub 
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Figure 19 Typical Oscillograph Traces Showillg Press~tre of Shock Over Blade Tip 
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Figure 23a Total Pressure Ratio, 88 Percent Speed 158.05 Pounds Per Second Flow Rate 
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Figure 23b Total Pressure Ratio, 88 Percei~t Speed, 147.66 Pounds Per Second Flow Rate 
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Figure 23c Total Pressure Ratio, 100 Percent Speed, 173.2 Pounds Per Second Flow Rate 
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Figure 24a Total Temperature Ratio, 88 Percent Speed, 158.05 Pounds Per Second Flow 
Rate 
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Figure 24.b Total Temperatrrre Ratio, 88 Percent Speed, 147.66 Pounds Per Second Flow 
Rate 
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Figure 24c Total Temperature Ratio, 100 Percent Speed, 173.2 Pounds Per Second Flow 
Rate 
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Figure 25a Absolute Air Angle, 88 Percent Speed, 158.05 Pounds Per Second Flow Rate 
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Figure 25b Absolute Air Angle, 88 Percent Speed, 147.66 Pounds Per Second Flow Rate 
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Figure 25c Absolute Air Angle, 100 Percent Speed, 173.2 Po~tllds Per Second Flow Rate 
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Figure 26a Static Pressure Ratio, 88 Percent Speed, 158.05 Pounds Per Second Flow Rate 
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Figure 26b Static Pressure Ratio, 88 Percent Speed, 147.66 Pounds Per Second Flow Rate 
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Figure 26c Static Pressure Ratio, 100 Percent Speed, 173.2 Pounds Per Second Flow Rate 
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Figure 27a Meridional Velocity, 88 Percent Speed, 158.05 Pounds Per Second Flow Rate 
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Fig~lre 27b Meridional Velocity, 88 Percent Speed, 147.66 Pounds Per Second Flow Rate 
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Figtrre 276 Meridional Velocity, 100 Percent Speed, 173.2 Pounds Per Second Flow Rate 
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Figure 28 Spanwise Variation of Rotor Inlet Total Pressure and Meridional Velocity With 
Radially Distorted Inlet Flow 
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-e 29 Rotor Overall Performance With Radially Distorted Inlet Flow 
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Figwe 30 Stage Overall Performance With Radially Distorted Inlet Flow 



IKIDEWCE A W L E ,  SblCTlOH SURFACE, ig. DEGREES 

Figure 3 l a  Rotor Blade Element Performar~ce With Radially Distorted Inlet Flow, 10 - 
rercent Span From Hub 



INCIDENCE ANGLE, SUCTION SURFACE, is DEGREES 

Figure 3 1 b Rotor Blade Element Performance With Radially Distorted Inlet Flow, 50 
Percent Span From Hub 



Figure 3 16 Rotor Blade Element Performance With Radially Distorted Inlet Flow, 90 
Percen"cpan From Hub 
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Figure 32a Stator Blade Element Performance With Radially Distorted Inlet Flow, I 0  
Percent Span Form Hub 
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Figure 32b Stator Blade Element Performance With Radially Distorted Inlet Flow, 50 Per- 
cent Spa11 From Hub 
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Figure 32c Stator Blade Element Performance With Radially Distorted Inlet Flow, 90 
Percent Span From Hub 
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Figure 33 Stage Overall, Performance With Ckcumferential Distorted Enlet Flow 



Figure 34 ilamaged Tandem R ~ t o r  Assembly XFW-86 1 1 

88 



Figure 35 Damaged Distortion Screen Support X-33620 
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Figure 36 Circumferential Screen Pressure Recovery 



ST
A

T
IO

N
 7

, 
10

0%
 D

E
SI

G
N

 S
PE

E
D

 
A

D
JU

ST
E

D
 T

O
 S

T
A

N
D

A
R

D
 D

A
Y

 IN
L

E
T

 C
O

N
D

IT
IO

N
S 

1
2

0
0

 
$
 1
20
0 

U
 ", 

Y
) 

C
 

.
 

"
 ,

0
0
0
 

" 
1
W
0
 

I 
E 

,. >
 
9
0
0
 

z. 8
00
 

>
 

C
 

3 
5 Y 

U1
 

jr
 

40
0 

_
I 

4
W
 

W 3 
zo

o 
z 

2
W
 

K
 

0
 

0
 

I 
-
1
0
-
 

Jc
--
 

S
C

R
E

E
N

 L
O

C
A

T
IO

N
 
-
 

0
 

0
 

10
0 

15
0 

2
W
 

25
0 

J
W
 

35
0 

00
0 

C
IR

C
U

M
FE

R
EN

TI
A

L 
LO

C
A

TI
O

N
 - D

EG
RE

ES
 

F
ig

ur
e 

37
 

C
ir

cu
m

fe
re

nt
ia

l 
D

is
tr

ib
ut

io
ns

 o
f 

R
ot

or
 I

nl
et

 T
ot

al
 P

re
ss

ur
e,

 A
bs

ol
ut

e 
V

el
oc

it
y,

 
M

er
id

io
na

l V
el

oc
it

y,
 A

bs
ol

ut
e 

M
ac

h 
N

um
be

r,
 a

nd
 A

bs
ol

ut
e 

an
d 

R
el

at
iv

e 
F

lo
w

 
A

ng
le

, 
1

0
 P

er
ce

nt
 S

pa
n 

F
ro

m
 H

ub
 



R " X B 8 8  - - -  
M O -  5 '3 lDNV 1A073  3 l i l l O S B V  



ST
A

TI
O

N
 7

,1
00

%
 D

ES
IG

N
 S

PE
ED

 
A

D
JU

ST
ED

 T
O

 S
TA

N
D

A
R

D
 D

A
Y

 IN
L

E
T

 C
O

N
D

IT
IO

N
S 

0
7

 
O

 W
ID

E
 O

P
E

N
T

H
R

~
T

II
E

 

0
6
 

,P
A

R
T

 T
H

R
O

T
T

L
E

 
I 

I 
I 
-
-
 
r
 

2
5

0
 

3
0
0
 

3
5
0
 

4
0
0
 

0
 

5
0
 

1
0
0
 

15
0 

20
0 

2
5
0
 

C
IR

C
U

M
FE

R
EN

TI
A

L 
LO

C
A

TI
O

N
 - 

DE
G

RE
ES

 

F
ig

ur
e 

39
 

C
ir

cu
m

fe
re

nt
ia

l D
is

tr
ib

ut
io

ns
 o

f 
R

ot
or

 I
nl

et
 T

ot
al

 P
re

ss
ur

e,
 A

bs
ol

ut
e 

V
el

oc
it

y,
 

M
er

id
io

na
l V

el
oc

it
y,

 A
bs

ol
ut

e 
M

ac
h 

N
um

be
r,

 a
nd

 A
bs

ol
ut

e 
an

d 
R

el
at

iv
e 

F
lo

w
 

A
ng

le
, 9

0 
P

er
ce

nt
 S

pa
n 

F
ro

m
 H

ub
 



ST
A

T
IO

N
 1

2,
10

0%
 D

E
SI

G
N

 S
PE

E
D

 
A

D
JU

ST
E

D
 T

O
 S

T
A

N
D

A
R

D
 D

A
Y

 I
N

L
E

T
 C

O
N

D
IT

IO
N

S 

7
6
0
 

0
 WI

D
E

 O
P

E
N

 T
H

R
O

T
T

L
E

 

7
4

0
. 

P
A

R
T

 T
H

R
O

T
T

L
E

 

72
0 

-
-
 

7
0

0
 

6
8
0
 

1
 

I 

1
2

 

5
 

1 
I

0
 

6 
O

8
 

z 3 
O

8
 

5
 $
 

0
4

 

3 q 
0

2
-

 
-
-
 

-
 SCR

E
E

N
 L

O
C

A
T

IO
N

 -
 

O
O

 
5
0
 

1
0
0
 

1
5
0
 

20
0 

2
5

0
 

3
W

 
3
5
0
 

no
i' 

CI
RC

UM
FE

RE
NT

IA
L 

LO
CA

TI
O

N 
- D

EG
RE

ES
 

F
ig

ur
e 

40
 

C
ir

cu
m

fe
re

nt
ia

l D
is

tr
ib

ut
io

n 
of

 S
ta

to
r 

D
is

ch
ar

ge
 T

ot
al

 P
re

ss
ur

e,
 T

ot
al

 
T

em
pe

ra
tu

re
, A

bs
ol

ut
e 

V
el

oc
it

y,
 M

er
id

io
na

l V
el

oc
it

y,
 A

bs
ol

ut
e 

M
ac

h 
N

um
be

r,
 

an
d 

A
bs

ol
ut

e 
A

ir
 F

lo
w

 A
ng

le
, 

10
 P

er
ce

nt
 S

pa
n 

F
ro

m
 H

ub
 



qnH
 w

old ueds Juaxad 0
s 'a~

3
u

v
 M

O
I

~
 

q
v
 aqnlosqv 

pue JaqurnN
 y9en alnlosqv 'dg301a~

 IeuoIpyan 'd
q

p
o

la~
 aqnlosqv 'am

p
 

-1aduraL
 1eqoL 'am

nssaq 1
q

o
~

 
a3

~
q

3
s1

a 
JoJeqS jo u

o
g

n
q

y
sra leg

u
a~

ajw
n

m
3

 1.b arn3~
d 

O
D
B
i
 

OOOC 

"OLC 

oosc 

0
0
9
C
 



ST
A

T
IO

N
 1

2 
10

0%
 D

E
SI

G
N

 S
PE

E
D

 
A

D
JU

ST
E

D
 T

O
 S

T
A

N
D

A
R

D
 D

A
Y

 IN
L

E
T

 C
O

N
D

IT
IO

N
S 

C
IR

C
U

M
FE

R
E

N
TI

A
L 

LO
C

A
TI

O
N

 - 
D

EG
R

EE
S 

F
ig

ur
e 

42
 

C
ir

cu
m

fe
re

nt
ia

l D
is

tr
ib

ut
io

n 
of

 S
ta

to
r 

D
is

ch
ar

ge
 T

ot
al

 P
re

ss
ur

e,
 T

ot
al

 T
em

pe
ra

- 
tu

re
, A

bs
ol

ut
e 

V
el

oc
it

y,
 M

er
id

io
na

l V
el

oc
it

y,
 A

bs
ol

ut
e 

M
ac

h 
N

um
be

r,
 a

nd
 

A
bs

ol
ut

e 
A

ir
 F

lo
w

 A
ng

le
, 9

0 
P

er
ce

nt
 S

pa
n 

F
ro

m
 H

ub
 



STATIC PRESSURE, P7, -PSFW 





APPENDIX 1 

PERFORMANCE PARAMETERS 





a)  Relative total temperature 

b) Incidence angle based on mean camber line 

c)  Deviation , 

do= 0 
9 - P '*, 

6 O =  Dll - P *11 

d) Diffusion factor 

e )  Loss coefficient ,. , 

(rotor in) 

(rotor out) 

(rotor) 

(stator) 

(rotor) 

(stator) 

(rotor ) 

(stator) 

(rotor) 

(stator) 



f j Loss para-meter 

1 

w cos P 9 
2 c 

- 
w cos Dl1 

2 a  

g )  Pblytropic efficiency 

h) Adiabatic efficiency 

Wake blockage factor 
w? 

(rotor) 

(stator) 

(rotor) 

(stator) 

(rotor) 



APPENDIX 2 

SYMBOLS 





A P P E N D E  2 

SYMBOLS 

- area ,  ft2 

- annulus a r ea ,  ft2 

- frontal a r ea ,  ft2 

- chord length, in 

- diffusion factor 

- conversion factor,  32.17 lbmft/lb s e c  2 

- incidence angle, angle between inlet a i r  direction and line tangent 
to blade mean camber line a t  leading edge, degrees (labelled INCM, 
Table 4) 

- incidence angle, angle between inlet a i r  direction and line tangent to 
blade suction surface a t  leading edge, degrees  (labelled INCS, Table 4) 

- Mach number 

- m a s s  average in rad ia l  directions (Tables 15 and 16) 

- rotor  speed, r p m  ( ~ / p l a b e l l e d  NCOR, Table 4) 

- total p ressure ,  psfa 

- s ta t ic  pressure ,  psfa 

- radius,  f t  

- gas constant fo r  a i r ,  f t  lb/lb, OR 

- blade spacing, in 

- total. temperature, OR 

- skitie temperature, O R  

- thickness-to-chord ratio 



U - rotor speed, f"&/see 

V - air velocity, ft/sec 

Vm 
2 - meridional velocity (Vr + vz2) ,  ft/sec (labelled VM, Table 4 

W - weight flow, lbs/sec 

P - 1 - absolute a i r  angle, cot (Vm/V e ) ,  degrees (labelled B, Table 4) 

0 ' - relative air  angle, cot-' ( v ~ / v Q ) ,  degrees (labelled B t ,  Table 4) 

Y - ratio of specific heats for air ,  1.4 

A p  - air  turning angle, degrees 

AP* - camber angle, degrees 

6 - ratio of inlet total pressure to standard pressure of 2116.22 lbs/ft2 

60 - deviation angle, angle between exit air  direction and tangent to blade 
mean camber line a t  trailing edge, degrees 

6 - angle between tangent to streamline projected on meridional plane 
and axial direction, degrees 

'I - efficiency, % 

6 - ratio of inlet total temperature to standard temperature of 518. 6"R 

P - mass density, lbs-sec2/ft4 

u - solidity, ratio of chord to spacing 

- 
w - total pressure loss coefficient (labelled OMEGA - B, Table 4) 

w - angular velocity of rotor, radians/sec 

Superscripts: 

1 - relative to moving blades 

* - designaks blade metal angle 



Subscripts : 

ad - adiabatic 

P - polytropic or  profile 

r - radial direction 

m - meridional direction (in z-r plane) 

s h  - shock 

s s - suction surface 

z - axial direction 

8 - tangential direction (labelled 0,  Table 4) 

0 - plenum chamber 

7 - instrument plane upstream of rotor 

8 - station a t  rotor leading edge 

9 - station a t  rotor trailing edge 

10 - station at stator leading edge 

11 - station a t  stator trailing edge 

12 - instrument plane downstream of stator 





APPENDIX 3 

BLADE-ELEMENT AND OVERALL PERFORMANCE WITH 
UNIFORM INLET FLOW 
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APPENDIX 4 

BLADE-ELEMENT AND OVERALL PERFORMANCE WITH 
RADIAL INLET DISTORATION 
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APPENDIX 5 

CIRCUMFERENTIAL INLET DISTORTION, DISTRIBUTION, 
AND OVERALL PERFORMANCE 
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TABLE 18 

STAGE OVERALL PERFORMANCE FOR INLET CIRCUMFERENTIAL DISTORTION 

% of Design 
Speed ~ $ 3 7  S: 1 21'8 77 ='12IT0 
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